The effects of preillumination were investigated on ion-stimulated stomatal opening of epidermal strips isolated from Commelina communis L. leaves, which are dark-starved 24 hours or more. The rate and the extent of ion-stimulated stomatal openings were increased by preexposure of epidermal strips to light. The evidences are interpreted as indicating that the energy induced by preillumination can be conserved in guard cells for considerable time periods and then used for a delayed stomatal opening in the presence of higher concentration of potassium or sodium ions. Action spectrum showed two peaks, one in blue and one in the red light region. The ratio of the blue peak to the red peak is 1.2; which is the smallest reported value in action spectra of stomatal movements. 3-(4-chlorophenyl)-1,-1-Dimethylurea suppressed the ion-stimulated stomatal opening induced by the preillumination. We conclude that the photosynthetic electron transport system, containing photosystem II, in guard cell chloroplasts is a basic system of energy acquirement for stomatal opening.
In the past 15 years, it has been well established that the mechanism behind stomatal opening involves the process of active uptake of monovalent cations. Evidence has come mainly from observations on stomatal movements and the accumulation ofcations with isolated epidermis incubated in media containing cations under illumination. But the role of light is not clearly understood. The effects of light quality on stomatal movement were reported differently in various studies (Table III) . Different sensitivities to DCMU, which is a specific inhibitor of PSII, also make the role of red light more complicated (1, 7, 16, 28) . Recently the relative importance of blue light has been generally suggested (13, 15, 21) .
When the incubating medium contains concentrated cations, stomata can be opened even in the dark. But the stomatal opening in dark is not so large as that in light. Fisher and Hsiao (4) made mention of stomatal opening in the dark. They showed that the extrapolated maximal stomatal opening, which was obtained from replotting the reciprocal of stomatal opening against the reciprocal of concentration of potassium in the incubation medium, was not changed by light. And ion-stimulated stomatal openings were fairly large even in dark (26, 28) .
It is tacitly discussed in many reports that stomatal opening is supported by energy which may be produced during the experi-'Supported by a grant from the Ministry of Education, Science and Culture of Japan. ment. In discussions regarding the energetics ofstomatal opening, the lack of information on stomatal opening in dark easily leads to the conclusion that all of the energy for stomatal opening without light must have been obtained from respiration, not from photosynthesis. For instance, a direct linkage to the mitochondrial electron transport chain was proposed as the energy source for ion-stimulated stomatal opening in dark (28) . Another possible interpretation is that stomatal opening in the dark may be supported by some energy source which has been obtained from photosynthesis before the beginning of the observation, and which can be conserved in guard cells.
As a clue to elucidate the energetics of stomatal opening, especially the role of light, ion-stimulated stomatal opening in the dark is a suitable system. In the work described here, the properties of ion-stimulated stomatal opening in dark were investigated in isolated epidermal strips which were energized by preillumination in medium containing a low concentration of monovalent cation. It is also established by the two-steps method described here that the light-induced metabolic phase in stomatal opening can be separated from other rate-controlling phase, including a transmembrane cation movement. An important role is demonstrated for the linear electron transfer system of guard cell cholorplasts in stomatal opening.
MATERIALS AND METHODS
Plant Material. Plants ofCommelina communis L. were grown on soil in a green house. The plants were cut under water and removed at the fourth node. The cut plants were transferred to a dark room and kept at least for 24 h before the beginning of the experiments in order to starve. Epidermal strips were taken from the abaxial side of the fully expanded leaves and floated on the first-step buffer solution, containing 20 mm KCl and 10 mM Tris-HCl (pH 7.2), in dark.
Measurement of Stomatal Opening. In the case of a microscopic measurement, epidermal strips which were floated on the first-step solution in a Petri dish were placed on the illumination box within 5 min, or kept in the dark for the dark control. After the preillumination with white light or monochromatic light for 60 min, epidermal strips were transferred from a first-step solution to a second-step solution containing 150 mM KCI and 10 mM Tris-HCl (pH 7.2) and kept in dark. Stomatal apertures were measured with a precalibrated ocular micrometer at 0 and 60 min after the transferance to a second-step solution. Three epidermal strips were used for each treatment and 10 stomata, chosen at random, were measured in each epidermal strip.
To measure the stomatal movement in a full detail, epidermal strips were put in a solution-flow porometer which was filled with a first-step buffer solution, and generally preilluminated by a white light for 60 min. Then the solution in the porometer was Plant Physiol. Vol. 79, 1985 changed quickly from the first-step solution to a second-step solution. After that, the porometer was kept in the dark. The solution-flow porometer was made of Lucite in the same manner as Thomas (23 When epidermal strips which were bathed in a first-step solution containing 20 mm KCI and 10 mm Tris-HCl (pH 7.2) were transferred to a second-step solution containing 150 mM KCG and buffer, openings of stomata were observed. This stomatal movement is termed an ion-stimulated stomatal opening in this paper. But the stomatal opening by the epidermal strips isolated from dark-adapted leaves was not as large in 150 mm KCI in the dark. If epidermal strips were preilluminated by white light in a first-step solution, a marked increasing of ion-stimulated stomatal opening was observed in the dark second-step solution. Figure 1 shows the effects of duration of preillumination at a first-step on the following ion-stimulated stomatal opening in the dark. As the duration of preillumination prolonged, stimulating effects were increased. Both the extent and the velocity of stomatal openings were increased by the prolonged preillumination. The beginning ofthe stomatal opening was also shortened by the preillumination. In this way, the preillumination of epi-C~~~~~~~~~~~~~Ẽ Action Spectrum. Effects of the photon fluence rate of preillumination on ion-stimulated stomatal opening were observed at two typical optimal wavelengths to decide the photon fluence rate in the measurement of action spectrum (Fig .3) . Linear relations between stimulative effect and photon fluence rate were kept in the range from 4 to about 35 ME m 2 sg' in both blue (447 nm) and red (673 nm) light. The preillumination effects of blue light saturated at photon fluence rate of about 50 ME m 2 s-'. This agrees with the reported sensitivities of stomata of Commelina communis (17, 24) and Viciafaba (6) . Other workers (20) have shown that stomatal opening of C. communis under blue light was saturated at 100 MiE m-' s-', while the fluenceresponse curve in the red light preillumination was quite different from curves reported on conventional stomatal openings, especially at higher fluence rates (6, 17, 20, 24) . Stomatal opening was inhibited by the red light preillumination at higher fluence rate over 60 ME m-' s' in marked contrast to the blue light. The photon fluence rate of preillumination used in the measurement of action spectrum on ion-stimulated stomatal opening was decided by the linear range on the curves in Figure 3 . The action spectrum shown in Figure 4 exhibits two higher peaks at 447 and at 673 nm. The stimulative effects in the range from 500 to 600 nm were small. Blue light was more effective than red light. The blue peak of the action spectrum was about 1.2 times higher than the red peak. The ratio of the blue peak to the red peak of the action spectrum in Figure 4 is smaller than expected.
Effects of Inhibitors. Effects of metabolic inhibitors on the ion-stimulated stomatal opening in the dark were examined. Photon fluence rate was 32 ME m-2 s-'. Epidermal strips were incubated as described in Figure 3 , except photon fluence rate of preillumination light. c After the second-step, epidermal strips were illuminated again for 60 min in the same medium as the solution of second-step.
When epidermal strips were incubated in the first-step solution containing DCMU, the ion-stimulated stomatal opening in the dark, which was induced by preillumination, was competely inhibited (AD, AL-1, -2, -3, Table I ). The concentrations of DCMU used here are sufficiently high for inhibition of photosynthetic electron transfer system and inside a region of that of reported experiments of inhibition on usual stomatal openings (7, 16) . This inhibition by DCMU can be removed by the washing of the epidermal strips with fresh medium. The reversibility of DCMU inhibition was also proved in the experiment of reillumination (AL-L, Table I ). When epidermal strips, which had been treated in 10 MM DCMU under preillumination as a firststep incubation, were again illuminated for 60 min after a secondstep incubation, stomatal apertures were opened as well as that of epidermal strips without DCMU. When DCMU was added in the second-step solution in dark, no remarkable inhibition of ion-stimulated stomatal opening was observed (AL4). Ion-stim- were treated with CCCP in the light as a first-step incubation, the ion-stimulated stomatal opening was completely inhibited (BL-3, Table I ). A partial inhibition was observed by the addition of CCCP in a second-step incubation in the dark (BL-4, Table  I ). Stomata, which had been closed by the treatment with CCCP in a first-step incubation, were capable of being opened very well by the additional incubation with reillumination after a secondstep incubation (BL-L, Table I ).
Sensitivities to DCMU on ion-stimulated openings induced by various preilluminations were compared in (Table I) . However, the effects of DCMU in stomatal opening were reported differently in a variety of papers. The lack of sensitivity to DCMU has been reported by some workers. Most ofthem concluded that PSI and cyclic electron flow can supply the necessary energy for K+ uptake and stomatal opening (18) . Stomata of leaves could open even in the presence of DCMU (1) . Willmer and Mansfield (28) showed that DCMU had a small effect on ion-stimulated stomatal opening and that salicylaldoxime suppressed the lightstimulated component of stomatal opening. So they also suggested that PSI or cyclic photophosphorylation, but not noncyclic photophosphorylation, supplied the energy for ion uptake in guard cells in light. Other workers reported the inhibitory effects of DCMU on stomatal openings. Movements of stomatal aperture and K+ content of guard cells were strongly inhibited in light by DCMU even in C02-free air (16) . The present results are somewhat in contrast to that of Kuiper (8) which showed a complete closure with DCMU. In experiments presented here the inhibitor did not produce a complete closure of stomata, while the opening, which was induced by the preillumination, was completely inhibited by DCMU (Table I ). This discrepancy may be interpreted into the different conditions of plant materials used. If the plant materials used by Kuiper (8) were more starved in regard to the energetic condition of guard cells, the rate controlling step ofstomatal opening must have been in the energy supplier system involving photosynthesis. He measured the inhibitory effect of DCMU on the maintenance of stomatal opening which must be consuming energy. In this case, the inhibitory effect of DCMU may be increased. On the contrary, many workers generally used plants which had been kept in light before the transport of the plants from greenhouse to laboratory in the morning. They often showed small effects of DCMU. In these plants, rate controlling step must change depending upon the energy acquirements of cation movements accompanied by the energy consumption. The sensitivity to DCMU on ion-stimulated stomatal opening also agrees with the effect of DCMU on the light-induced swelling of guard cell protoplasts (5) .
Ion-stimulated stomatal opening induced by preillumination of blue light was inhibited by DCMU, but not completely (Table  II) . The remaining stomatal opening in the presence of DCMU suggests that a blue light photosystem has been activated by the preillumination. This agrees with the observation that a blue light effect is independent of the PAR system in guard cells (30) .
Recently, many evidences have been obtained by the measurements of Chl fluorescence (12, 29) and 02 evolution (22) 
